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Abstract
Particle induced gamma-rays are used more and more in  materials quantitative characterization with ion beams,
being absolutely competitive to other techniques, when low Z elements are involved and when dynamic processes are
produced and monitored.  Energy production involves such kind of materials, whose composition needs to be known 
and controlled under diverse and sometimes extreme conditions. This paper reviews some technical aspects
associated with the knowledge of production cross sections, which is fundamental to any quantitative analysis, and 
the use of gamma detectors like their absolute efficiency.
© 2012 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The PIGE (Particle Induced Gamma Ray Emission) is an ion-beam analytical technique that uses
prompt gamma rays produced in the examined target material in nuclear reactions started by the incoming
ion. Example of its use in the domain of energy related materials are the analysis of fission [1] and, more
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recently, of fusion reaction materials as well as the analysis of battery electrolytes [2-6]. The PIGE 
technique finds more and more application in the quantitative analysis of Z<17 elements since the gamma 
rays are produced at quite high energies and do not suffer relevant absorption. The technique has therefore 
a strong potential for depth profiling [7] with a depth resolution comparable to other ion beam techniques 
provided that the cross sections are known  in fine steps (tipically 10-20 keV) on a sufficiently broad ion 
energy range covering the usual IBA energy values (1-10 MeV). Although a large amount of data has 
already been published, there is no up to date comprehensive compilation and numerous discrepancies  do 
still exist among different authors. This fact still motivates the collection of reliable cross-section series 
for the light elements [8-9] and requires the experimentalist the utmost attention to the technical details of 
each experiment. One of such details concerns the detector efficiency and its approximations which we 
are going to review in this paper.    
2. Absolute efficiency measurement of a gamma ray detector  
Suppose we  are detecting gamma rays of energy E emitted by a radionuclide contained in a source of 
activity A P the number of photons of energy E  emitted in 100 disintegrations of the 
radionuclide. The emission of the source is isotropic.   
Let dn /dtd  be the number of photons emitted per unit time and unit solid angle, which is constant if 
time t is short and NTot(T)  the total number of photons of energy E   emitted in the whole solid angle by 
such a source in time T. The following formulas hold: 
 
 
 
The total number of photons emitted at energy E from the source and detected, at their full energy, by 
a detector within its solid angle acceptance (that is defined by combining its    acceptances) in the 
time T is given by: 
 
 
 
where (E ) is the detector efficiency in detecting photons at their full energy E , 
expressed in its more general form, i.e. as a function of the photon flight direction ( , ) and energy. We 
define the detector absolute efficiency abs as the ratio between the gamma detected, at their full energy 
E , and the gamma emitted in the whole solid angle in the same time, i.e. 
 
 
 
conversely: 
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3. Dependance of a gamma ray detector efficiency from gamma energy and gamma flight direction 
Photons of energy E going through a thickness x of a given material are submitted to an exponential 
attenuation law:  
 
 
Where I0 is the number of photons entering the material, I is the number of photons emerging 
unaffected (same energy and same direction) and (E ) is the attenuation coefficient that depends on 
energy and on the material. The probability P of interaction is therefore given by: 
 
 
 
It is trivial to see that the longest the travel within a given material, the highest is the probability of 
interaction.  It is also trivial to see that if we have a point-like source that emits photons in any direction 
and a finite material (figure 1) that intercepts them, the length of material to be crossed by photons may 
depend, according to the shape of the material, on the flight direction and so does the probability of 
interaction.  
 
 
 
 
Figure 1: A schematic view of a finite detector intercepting gammas emitted from a point-like source 
 
The efficiency of a detector is strictly, although not straigthforwardly, linked to the photon interaction 
probability in the detector´s material and therefore depends, in the most general form, on the energy of the 
photon and its flight direction, as it was expressed in the above formulas. 
 
We can define the detector´s intrinsic efficiency int  as the probability that a gamma ray entering 
the detector will release its entire energy in it. In the simplest approximation, if we assume that the 
photoelectric effect is prevailing on any other interaction process and that photons arrive parallel to the 
detector axis, we can write: 
 
 
where  pe is the photoelectric absorption coefficient of the material. 
4. Measurement of the X-section  of a gamma emitting reaction 
We are bombarding with particles p of energy Ep a target made of the nuclear species (Z,A), that 
produces the emission of photons of energy E . We may write that: 
 
 
X1 
X2 
X3 
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     where: 
 
   dt  is the infinitesimal time interval in which we observe the process 
   dp/dt is the number of bombarding particles per unit time 
   d /d  is the differential X-section of the process 
   dn  is the number of photons that we observe 
   d  is the infinitesimal solid angle under which we observe the photons 
    is the peak detection efficiency which is  1 
   N0  
     is the target density 
   dx  is the infinitesimal target thickness 
   A  is the atomic weight of the targets nuclear species 
 
If we now pass to finite quantities, that is: we detect photons with a finite detector that has a solid 
angle acceptance defined by combining its  ,   angular acceptances and measure for a time T on a 
 of thickness x (i.e. one in which the energy lost by the particle is negligible with respect to 
Ep) we obtain a yield: 
 
where we have made explicit the dependence of the X-section and peak efficiency and have excluded that 
the differential X-section depends on  . This calculation of the yield is exact. If we want to extract the 
differential X-section from the yield we must make some simplifying assumptions. We can assume that: 
 
 
where: 
 
may be defined as an -  referred to the central angle 0 of the detector 
covering a range . Therefore: 
 
 
 
- lly 
extracting from the measurement of emitted gamma rays with a finite detector: 
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being NT the number of target nuclei per cm2, NP the number of particles that have hit the target.  
Whenever it is true that: 
 
we can claim to have measured the differential cross section  
 
 
This is absolutely true in the case of a isotropic gamma emission, being the differential X-section 
constant, and is a good approximation when the  angular acceptance is small and/or the X-section is 
almost isotropic. If we know, or can assume that the emission is isotropic, then the total X-section can be 
calculated, simply by multiplying the differential X-section by 4    
 
 
 
In all other cases the total cross section can only be calculated if we know the angular dependence of 
the differential X-section (from measurements at various angles) so to be able to calculate: 
 
 
5. Further possible approximations 
We might be willing to introduce further approximations to the exact integral equation that gives the 
reaction yield.  
 
 
The advantage of using the intrinsic efficiency, that depends in principle only on the detector 
thickness and could therefore be measured once forever for a given detector, strikes with the difficulty of 
calculating the subtended solid angle. l formulas is a 
good approximation only when the detector covers a reasonably small solid angle but will be quite 
inaccurate if the detector is covering a large solid angle.  
If, as it is common, we have a cylindrical detector (figure 2) looking at a point in space along its axis at 
distance d from its front surface, the solid angle under which the point is seen by the detector front face 
1  or rear face 2  is given by: 
 
 
where  S1  and S2 are the areas of the spherical caps of height h1 and  h2 that have as bases the 
front and rear surface of the detector. We can express them as a function of the detector dimensions: 
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Figure 2: Geometry of a finite cylindrical detector intercepting gammas from a point source. 
If we introduce the aperture , of the cone which has as the base the detector front or back face, we 
obtain: 
 
 
 
 
One common approximation is to assume that the subtended solid angle is given by the area A of the 
cone base divided by the square of its height, which means, in terms of the aperture  that: 
 
         
 
Now, even admitting that the gamma emission is isotropic, the point is to see how precisely we can 
calculate the detector solid angle so to achieve that the equation 
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is a good approximation. 
 
We must observe in figure 3 surfaces (front 
and rear) is small, the solid angle is calculated with some precision. As the angular acceptance grows the 
difference between the real solid angles and their approximation by A/d2. Therefore, unless we subtend 
angles below 20-30 degrees the only sensible measurement protocol is the measurement of  abs. 
 
 
 
 
Figure 3: In blue: the exact solid angle subtended by the circular surface of a detector calculated from the equation                
=2 (1-cos /2) . In red the same solid angle approximated by the equation A/d2 
6. Effect of the detector angular aperture on the cross section measurement 
When measuring cross sections it might be recommendable to approach the detector to the target point 
so to increase the count rate and reduce the statistical error of the measurement at a given dose. Obviously 
the feature of the cross section may be smeared out if the  angle covered by the detector is too wide. 
We have simulated with a Montecarlo code the effect of approaching a cylindrical ReGe uncollimated 
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detector (diameter d=6cm, thickness t=6cm) at a distance l from the gamma point-like source, thus 
covering an angle =2atan[d/(2l+t)].    
We have then calculated the cross section that is deduced, from the yield and the absolute efficiency, 
according to the method discussed in section 4, assuming three extreme theoretical angular distribution: a 
fully isotropic, a pure E1 and a pure E2. We have then compared the two curves and considered the 
difference between deduced and theoretical values in terms of the yield standard deviation. With no 
surprise, as it is seen from figure 4, the deviation remains always within a couple of st. dev. in the case of 
a isotropic angular distribution. In the case of an E1 angular distribution, as  overcomes 20-30º the 
deviation from the theoretical value my reach several units of st. dev. Increasing even further the covered 
angle may lead up to 80 st. dev. in  the most unfavorable case: that of an E2 distribution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: the difference between deduced and theoretical values of cross sections in units of the yield standard deviation plotted at 
three different covered angles for respectively the E2, the E1 and the isotropic distribution. 
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7. Conclusions 
Although well known, the procedure to extract cross sections of gamma producing reactions, requires 
some care and attention if systematic errors need to be kept well beyond the statistical one, as it is 
generally aimed for the application of the PIGE technique as a tool for the quantitative  determination of 
light elements (Z<17) and their concentration profile. We have reviewed the basic steps involved in the 
measurement and highlighted, as a simple reminder, certainly not as a new original approach, those points 
that may introduce  undesired approximations in the data.  
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